Background: Magnetic resonance colonography (MRC) has been developed to assess inflammatory bowel diseases. We aimed to assess the feasibility of MRC in rats with TNBS-induced chronic colitis and to confront imaging results with fibrosis and stenosing features of the model.
Introduction
Inflammatory Bowel Diseases (IBD) are characterized by recurrent clinical flares contrasting with periods of remission. However, lesions may not follow this pattern and are probably more progressive [1] . The intestinal damages associated with this continuous progression are the basis of the changing phenotype of the disease overtime [2, 3] . These changes, which may be either penetrating or fibrosing, affect two thirds of patients at 20 years and lead most of them to surgery at least once during their life [4] . Among stenosing lesions, fibrosis is usually refractory to antiinflammatory drugs [5, 6] . Two therapeutic options may be developed: (i) earlier introduction of anti-inflammatory agents to avoid irreversible bowel damage (ii) direct targeting of fibrosing processes. Therefore, better understanding of fibrosing processes is crucial for development of new antifibrosis therapies. Faced with these needs, animal models have emerged.
Intestinal fibrosis is defined as excessive deposition of extracellular matrix. This deposition could result from chronic inflammation or deregulation of the healing process [7] . Mesenchymal cells usually produce extracellular matrix under the influence of TGF-b [8] . Epithelial and endothelial cells could be activated by TGF-b and IL-1 b to produce extracellular matrix [9] .
TNBS (2,4,6-trinitrobenzene sulfonic acid) -induced colitis is a widespread model of experimental intestinal inflammation with transmural, segmental lesions and TH1 profile close to Crohn's Disease (CD) [10] . More recently, experimental IBD models with intestinal fibrosis have been developed. TNBS-induced chronic fibrosis is one such rat model, validated for chronic lesions [11] .
In clinical practice, IBD and especially CD are commonly evaluated by endoscopy for mucosal assessment and by magnetic resonance (MR) for transmural lesions [12, 13] Numerous studies both in humans and animals have correlated MR images with severity of endoscopic lesions [12, 14, 15, 16, 17] . Whereas MR evaluation of inflammation is easy and becoming routine practice, assessment of fibrosing lesions is more challenging [13] . In a previous study in acute TNBS-induced lesions [16] , MRC was relevant for proper assessment of acute inflammation. To our knowledge, only few data based on MR technology are available in fibrosis assessment [18, 19] .
The aims of the present study were to assess the feasibility of MRC in rats with TNBS-induced chronic colitis and to confront imaging results with fibrosis and stenosing features of the model. 
Materials and Methods

Ethics Statement
Rats and study design
Sprague-Dawley male rats weighing 100-150 g were obtained from Janvier (Le Genest St Isle, France). Rats were acclimated in standard cage for 7 days, with light-dark cycles of 12 hours/ 12 hours. They were then randomized into two groups: TNBS group (12 rats) and control group (8 rats). Water and food were provided ad libitum.
Induction of chronic colitis
Chronic intestinal fibrosis was induced by intrarectal injections of TNBS (Sigma-Aldrich, Saint-Quentin Fallavier, France) weekly over six weeks (6) . After 24-hour food deprivation, rats were briefly anesthetized with an intraperitoneal injection of Ketamine at 8 mg. kg 21 (Panpharma) and Chlorpomazine at 1 mg. kg
21
(Sanofi-Aventis). The TNBS group received enemas consisting of TNBS-50% ethanol in a total volume of 250 mL, with escalating weekly TNBS doses of 15, 30, 45, 60, 60, 60 mg TNBS; whereas the control group received the vehicle (250 mL of 50% ethanol). All enemas were administered by placing sedated rats in headdown position, inserting a canula into the rectum and slowly instilling the solution or the vehicle. The enema canula remained in place 60 seconds to ensure adequate delivery to the distal colon. After canula withdrawal, the rats were maintained in position for over four minutes to prevent leakage of the intracolon instillate.
MRC procedure
Seven days after the last intrarectal injection, rats were analyzed by MR Colonography (MRC). The rats were weighed and anesthetized with an intraperitoneal injection of Thiopental (90 mg. kg
21
). Then, they were transferred onto a cradle and placed in prone position during the procedure. Acquisition was performed with a very high magnetic field system dedicated to small animals (Bruker BioSpec 47/40USR , 4.7 Tesla). We used a T2-weighted (T2w) Rapid Acquisition with Relaxation Enhancement (RARE) sequence with and without fat suppression; TR Measurement and signal intensity in ROI were performed in the descending part of the colon in axial plane, which anatomically allowed a cross section of the bowel. The size of ROI was adapted to the wall thickness of the rat. It was usually 0.002 cm 2 . The results presented are the mean value of measurements performed. Wall signal intensity in ROI was measured on T2w and T1w. Minimal and maximal colon wall thicknesses were measured. Luminal narrowing was calculated [(largest diameter-smallest diameter)*100/largest diameter] and expressed as percentage. Stenosis was defined as narrowing of colon lumen associated with upstream dilatation. Tubular aspect was defined as loss of colonic haustra with tubular shape of the lumen. Mucosal detachment was defined as presence of mucosal alteration with a flap in the colon lumen.
Colon preparation
Rats were sacrificed after MRC examination at week 7. Each colon was removed and cleaned with phosphate-buffered saline (PBS) to remove fecal residues. Then, the colon was measured, weighed and photographed. Colon weight/length ratio was determined (inflammatory marker). Colon samples were stored at 280uC and one sample was fixed in formalin for histological assessment.
Histological assessment of colon fibrosis
After formalin fixation (40%), colon samples were embedded in paraffin wax blocks and 5 mm sections were stained with hematoxylin-eosin-safran. A pathologist (Moutaz Aziz) blind to treatment allocation scored these 5 mm sections. Two semiquantitative scores were assessed: a fibrosis score ranging from 0 (no fibrosis) to 3 (severe fibrosis) and an inflammatory score ranging from 0 (no inflammation) to 3 (severe inflammation with ulceration) were performed according to a previously validated scoring system [20] . Pictures were taken with Leica QWin software (Leica Microsystems, Bensheim, Germany).
Colon concentration of TGF-b
Frozen colon samples were homogenized in PBS with 0.1% protease inhibitor cocktail (Sigma) and phosphatase inhibitor cocktail (Sigma). Homogenates were centrifuged (12 000 g, 15 min, 4uC) and supernatants collected. Protein concentration was determined following Bradford's colorimetric method. Samples were then analyzed with a kit (MB100B) and DuoSet ELISA Development System (R&D System, United Kingdom). Concentrations were determined by spectrophotometry at wavelength 450 nm with spectrophotometer (Metertech, S960, Taiwan).
Colon expression of alpha Smooth Muscle Actin (a-SMA), p-Smad2/3 and cyclooxygenase-2 (COX-2) by Western Blot
Frozen colon samples were homogenized in PBS with 0.1% protease inhibitor cocktail (Sigma) and phosphatase inhibitor cocktail (Sigma). Homogenates were centrifuged (12 000 g, 15 min, 4uC) and supernatants were collected and stored at 2 80uC. Protein concentration was determined following Bradford's colorimetric method. Aliquots of supernatants containing equal amounts of protein (25 mg) were separated on 4-12% NuPAGE gel (Invitrogen) and then transferred electrophoretically to a nitrocellulose membrane (Hybond, GE Healthcare, UK). After blocking in 5% nonfat dry milk, membranes were incubated with specific primary antibodies. Primary antibodies were obtained from Epitomics (Burlingame, CA, USA) for a-SMA (1184-1), from Santa Cruz biotechnology (Tebu, Le Perray-en-Yvelines, France) for p-Smad2/3 (sc-11769), from Abcam (Cambridge, UK) for COX-2 (sc-1747) and from Sigma for b-actin. They were incubated at a dilution of 1/1000 (p-Smad2/3), 1/2000 (a-SMA), 1/250 (COX-2,) and 1/5000 (b-actin). After three washes, filter was then incubated with secondary horseradish peroxidase linked anti-rabbit IgG for p-Smad2/3, a-SMA antibody, anti-goat IgG for COX-2 and anti-mouse IgG for b-actin. To check equal loading, the blots were analyzed for b-actin expression.
Colon Vimentin and Insulin-like Growth Factor (IGF-1) mRNA
Colon samples were frozen in liquid nitrogen and stored at 2 80uC before RNA preparation. Total RNA was isolated using guanidium isothiocyanate method and reverse transcribed into cDNA. mRNA expression of Vimentin, IGF-1 and internal control GAPDH was measured by quantitative RT-PCR in presence of 5 mL of Sybrgreen mix and 0.5 mL of amorce sens and antisens. The amorces were provided by Life Technologies (Saint Aubin, France). IGF-1 was performed at 62uC with F primer (CAGTTCGTGTGTGGACCAAG) and R primer (TCAGCG-GAGCACAGTACATC). Vimentin was performed at 55uC with F primer (ATGAAAGTGTGGCTGCCAAGAAC) and R primer (GTGACTGCACCTGTCTCCGGTA). GAPDH control was performed at 65uC with F primer (CATCACTGCCACTCA-GAAGA) and R primer (AAGTCACAGGAGACAACCG). PCR was performed with CFX95 Real Time system (Bio-Rad, Marnesla-Coquette, France).
Determination of Cytokine Production
Colon concentrations of interleukin-1b (IL-1 b), IL-13 and tumor necrosis factor alpha (TNF-a) were measured in duplicate by multiplex assay (R&D Systems, Abington, UK). This assay relied on use of polystyrene beads, each with a unique signature mix of fluorescent dyes that couldbe discriminated by a laser-based detection instrument (Bioplex 2200). Each bead type in the multiplex assay was coated with a specific antibody pair so as not to crossreact with other analytes in the panel.
Statistical Analysis
Statistical comparisons were performed using GraphPad Prism 5 software. Data are expressed as mean 6 SD and number (percentage). 
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, p = 0.0004).
Histological score of fibrosis was higher in the TNBS than in the control group (p = 0.031). Mild, moderate or severe fibrosis was observed on histological score in 6 out of 9 rats in the TNBS group, whereas only 1 control rat had signs of histological fibrosis.
Regarding fibrosis markers, there were significant differences between the TNBS and the control group. Colon production of a-SMA was higher in the TNBS than in the control group Inflammation was also present on histological specimens in all rats with TNBS, whereas only 1 control rat had signs of histological inflammation (p = 0.0016). Inflammatory parameters were significantly higher in the TNBS than in the control group for colon production of COX-2 (0.7960.44 versus 0.2160.10, p = 0.0046). Colon production of IL-1b was no different between the two groups (2246231 pg.mg 21 
MRI data
The rats recovered well after anesthesia and MRC. Image quality was considered as excellent in 5, good in 7 and medium in 4 examinations, with no difference between groups (p = 0.5338). Colon wall thickness was significantly higher in the TNBS than in the control group with maximal thickness at 2.3860.63 mm versus 0.7460.08 mm, p,0.0001, and minimal thickness at 1.3360.34 mm versus 0.4860.08 mm, p,0.0001. Both maximal and minimal thickness correlated with colon weight/length ratio (r = 0.9024, p,0.0001 and r = 0.8803, p,0.0001 respectively) ( Figure 1) . Wall signal intensity on T2w images was significantly higher in rats with TNBS (904062424 versus 61926766, p = 0.01). Ratio percentage of luminal narrowing was significantly increased in the TNBS group (50.08618.23% versus 10.3369.01%, p = 0.0001). Presence of stenosis was observed in 7 out of 9 rats with TNBS and in none of the 7 controls (p = 0.005) (Figure 2) . Mucosal detachment was found in 4 out of 9 rats with TNBS and in none of the 7 controls (p = 0.09). There was no difference between the two groups regarding presence of tubular aspect (p = 0.47) and wall signal intensity on T1 images (p = 0.46).
Correlation of MRC parameters and fibrosis parameters
MRC measurement of wall thickness was significantly associated with fibrosis scores, and a-SMA production (r = 0.5813, MRC parameters including, minimal and maximal thickness, wall signal intensity on T2w images and calculated luminal narrowing correlated with COX-2 but not with inflammatory markers like TNF-a and IL-1b ( Figure 3, Table 2 ).
Discussion
The current study aimed to validate MRC as a tool for discriminating intestinal fibrosis in rats with chronic TNBSinduced colitis. Our results show a positive relationship between MRC criteria, histological score of fibrosis and fibrosis parameters.
MRC is able to discriminate rats with fibrosis and control rats. Similar to previous reports [11] , we observed colonic fibrosis demonstrated by stiffened colon, histopathological fibrosis and elevation of fibrosis markers in rats with chronic TNBS colitis. In this study, we noted numerous pathological signs on MR including, wall thickening, significant luminal narrowing and mural high signal intensity in T2-weighted sequence. Our results are based on morphological changes in the colon wall and on analysis of signal changes. Others approaches have been developed including evaluation of magnetization to identify excessive collagen in fibrosis lesions. This technique has been used in brain imaging for more than a decade and is of major interest in management of multiple sclerosis [21] . Applied to the intestinal wall these experiments have allowed description of abnormal magnetization in the colon wall in animal models [18, 22] . However, morphological studies and analysis of intestinal wall signal in T2-and T1-weighted sequences remain the most common approach in MR studies. Moreover, presence of an irreversible stricture is more relevant than collagen content in the colon wall. Indeed, stenosis is one of the major landmarks of progressive irreversible damage of the intestinal wall. These stenoses are usually a combination of inflammatory and fibrosis elements. In clinical practice only lack of response to potent antiinflammatory strategies (mainly steroids or anti-TNF) is able to identify strictures requiring surgery, especially in CD patients. In our report, MR was able to identify luminal narrowing, reflecting alteration of colonic diameter leading to stenosis. This MR aspect was associated with relevant biological landmarks of fibrosis (a-SMA) and tended to correlate with fibrosis score. Luminal narrowing was also obviously related to increase in mural thickness in our observations, see figure 2. Increased mural thickness has been described in mice with chronic Dextran Sodium sulfate (DSS) [19] . In this study by the Leuven group, the authors differentiated mucosal thickening from more profound layer changes [19] . Mucosal thickness seemed to follow inflammation through repeated exposure to DSS as thickness of the muscularis propria seemed to follow progressive increase in the collagen content of the colonic wall. This suggests that measurement of thickening in the colon wall combined inflammatory and fibrosis contents. In addition to wall thickening, the colon wall signal was also modified and consisted in significant hyperintensity in T2-weighted sequence. We assessed this colon wall signal by measuring signal intensity in selected regions of interest (ROI), as widely validated in acute rodent colitis [16, 23, 24] . Others have described this hyperintensity using T2 mapping and observed a gradual regression of T2 values with increasing cycles of DSS. These results suggest a shift towards high hyperintensity in T2-weighted sequence in acute phase and towards lower hyperintensity in T2-weighted sequence in more chronic lesions. This is in accordance with our previous observation of high relationship between hyperintensity in T2-weighted sequence and inflammation in acute colitis [16] . Moreover, in our present report we also observed a numerically significant correlation between hyperintensity in T2-weighted sequence and remaining histological inflammation. Persistence of inflammation is a theoretical limitation of animal model of intestinal fibrosis. This persistence is observed in chronic TNBS [11] as in our work, in peptidoglycan-polysaccharide infected mice [22] and in chronic DSS colitis. Indeed, Breynaert et al. found that repeated exposure to DSS can induce persistent inflammation in parallel with fibrosis lesions [19] . Consequently assessing the respective part of each phenomenon is a challenging condition. We speculated that this inflammatory persistence resulted from the experimental design used in most studies. In our work, rats underwent MRI 7 to 10 days after the last intrarectal administration of TNBS. TNBS administration was scheduled at regular time points but with increasing dosage that may have led to up regulation of inflammatory markers. A longer time period between the last TNBS injection and MRC examination could result in less pronounced inflammation. Recently, Breynaert et al. reported that prolonged recovery after 2 cycles of DSS in mice with chronic DSS-induced colitis was associated with decreased inflammation and progressive accumulation of collagen in the colon wall [19] .
We did not observe any change in intensity of colon wall in T1 sequences. This probably reflects absence of hemorrhagic lesion and severe acute inflammation at time of MRC evaluation. This result contrasts with the association of hyper T1 signal in acute inflammation [16] .
To summarize recent contributions to our knowledge of MR changes in the colon wall, it could be speculated that it is a continuous process from acute lesions with hyperintensity in T1-and T2-weighted sequence, followed by progressive decrease in signal while collagen content increases over time. In the TNBS model this process seems to be able to mimic CD lesion with luminal narrowing. To confirm this hypothesis repeated MR examination and longitudinal studies are mandatory.
Among biological parameters, if some are obviously related to acute phase of inflammation (IL-1b, TNFa) others are related to chronic fibrosis lesion (collagen, a-SMA) [19] . However, this is a double-edged sword which does not give the whole picture. Breynaert et al. also described a colonic gene profile associated with both inflammation and fibrosis. COX-2 is a marker which for decades has clearly been associated with acute inflammation [25, 26, 27, 28] but which also increases significantly with time in fibrosis models, pulmonary fibrosis [29] and colonic fibrosis included [30] . In our observation a similar relationship between COX-2 and MR parameters linked both fibrosis and inflammation. This observation of common markers in the two phases pleads for a progressive switch from inflammation to fibrosis. Similarly, infection of mice with Salmonella led to enterocolitis with mucosal and submucosal inflammation as well as with fibrosis as shown by an impressive time dependent collagen deposition with a parallel increase of COX-2 [30] .
In conclusion, our report demonstrates the feasibility of MRC in rodent models of chronic colitis. It establishes a link between changes in MR in the colonic wall and fibrosis. In addition, our report highlights the challenge of distinguishing fibrosis from persisting inflammation in a lesion. Repeated MR evaluation may help to better understand intestinal damage in IBD patients and may be the key to better understanding of this challenging condition.
